Phonon anomalies and charge dynamics in Fei_ ;c Cu, r Cr2S4 single crystals 
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A detailed investigation of phonon excitations and charge carrier dynamics in single crystals of 
Fei_ 2 ,Cu x Cr2S4 (x = 0, 0.2, 0.4, 0.5) has been performed by using infrared spectroscopy. In FeCr2S4 
the phonon eigenmodes are strongly affected by the onset of magnetic order. Despite enhanced 
screening effects, a continuous evolution of the phonon excitations can be observed in the doped 
compounds with x = 0.2 (metallic) and x = 0.4, 0.5 (bad metals), but the effect of magnetic ordering 
on the phonons is strongly reduced compared to x = 0. The Drude-like charge-carrier contribution 
to the optical conductivity in the doped samples indicates that the colossal magneto-resistance effect 
results from the suppression of spin-disorder scattering. 
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I. INTRODUCTION 

The discovery of colossal magnetoresistance (CMR) in 
perovskite-type manganites has attracted considerable 
attentioni2iMi& Double-exchange (DE) mechanism, 6 7 
strong electron-phonon coupling, 7 phase separation 
scenarios 8 or a Griffiths singularity- were suggested to 
clarify the origin of the CMR effect, but a conclusive mi- 
croscopic model has not yet been established. Ever since, 
the occurrence of CMR effects has been reported for vari- 
ous other classes of materials, such as pyrochloreSflU rare- 
earths based compounds like Gdl2 ji» and ternary chalco- 
genide spinels ACr2S4>i 2 i These CMR materials have 
been classified in terms of spin-disorder scattering and a 
universal dependence of the magnetoresistence vs. carrier 
density has been suggested on theoretical groundsii 3 ^ 

Ramirez et al. drew attention to the spinel system 
Fei_ x Cu x Cr 2 S4 in 1997.121 In polycrystalline FeCr 2 S 4 
with Tc = 170 K, the CMR effect reaches values compa- 
rable to those observed in perovskite oxides. The substi- 
tution of Fe by Cu increases Tq to temperatures above 
room temperature, and the CMR effect remains relatively 
strong (~7 %)H In addition, solid solutions of the ferri- 
magnetic semiconductor FeCr2S4 and the metallic ferro- 
magnet CU&2S4 show a number of puzzling properties: 
From the very beginning, a controversial discussion has 
been arising whether the Cu ions are mono- or divalent 
for x > 0.5i 15 i 16 i 17 For x < 0.5 it was established that 
only monovalent and hence diamagnetic (d 1Q ) Cu exists 
in the mixed crystals^ Moreover, Fei_ :r Ca r Cr2S4 shows 
two metal-to-insulator transitions as a function of x , as 
the room-temperature resistivity reveals two minima at 
x = 0.2 and x = 1 and concomitantly the Seebeck co- 
efficient changes sign two times ^ISL Additionally, band- 
structure calculations predicted that the Fei_ a; Cu a ;Cr2S4 
system should exhibit a half-metallic nature>ii22i2i 

Recent experimental investigations of Fei_ 2; Cu 2 ;Cr2S4 
single crystals indicated a strong dependence of their 



magnetic and magneto-transport properties on hy- 
drostatic pressure suggesting a strong magneto-elastic 
couplingi22i22 Measurements on the ac susceptibility in 
pure FeCr2S4 exhibited a cusp in the low- field magneti- 
zation and the onset of magnetic irreversibilities at 60 K 
was explained by domain-reorientation processes^ Later 
on, ultrasonic studies indicated an anomaly in the tem- 
perature dependence of the shear modulus close to 60 K, 
and it was suggested that the onset of orbital order in- 
duces a structural distortion at this temperature^ This 
result, however, is hardly compatible with the observa- 
tion that orbital order is established in polycrystals close 
to 10 K, while an orbital glass state is found in single 
crystals ~ 

Optical spectroscopy simultaneously probes the lattice 
and electronic degrees of freedom and is, therefore, ide- 
ally suited to investigate structural phase transitions and 
to clarify the importance of electron-phonon coupling 
for the CMR effect*^ Earlier infrared (IR) studies in 
polycrystalline FeCr2S4 reported, in accordance with the 
crystal-lattice symmetry Fd3m, the existence of four IR- 
active phonons, which strongly depend on temperature 
near and below Tc We performed measurements of 
the optical properties of single crystals of Fei_ a; Cu a ;Cr2S4 
(x = 0, 0.2, 0.4 and 0.5) to shed light on the interplay of 
structural and electronic properties in these compounds. 
Since the optical properties of the samples with x = 0.4 
and x = 0.5 were found to be very similar, we only show 
and discuss the corresponding data for x = 0.5 in the 
following. 



II. EXPERIMENTAL DETAILS 

Single crystals of Fei_ a; Cu a ;Cr2S4 were grown using 
a chemical transport-reaction method with chlorine as 
transport agent and the ternary polycrystals as start- 
ing material. Details of the sample preparation are de- 
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scribed elsewhere^ No indication for the existence of 
secondary phases was found by x-ray diffraction analysis 
of powdered single crystals. X-ray single-crystal anal- 
ysis confirmed the high structural homogeneity of the 
samples. The composition and homogeneity of the sam- 
ples were examined by electron-probe microanalysis. The 
samples were optically polished platelets with dimensions 
of about 3x5x1 mm 3 . Structural, mag netic and elec- 
trical transport data are given in Ref. I23L 

Two Fourier-transform-infrared spectrometers with a 
full bandwidth of 10 to 8000 cm" 1 (Bruker IFS 113v) 
and 500 to 42000 cm" 1 (Bruker IFS 66v/S) together 
with a 4 He cryostat (Oxford Optistat) were used for 
measurements of the optical reflectivity in the energy 
range from 70 to 30000 cm -1 due to small sample di- 
mensions and for temperatures of 5 K < T < 300 K. In 
order to investigate small fractions of the sample surface 
in the range of 0.1 mm we utilized an IR microscope 
(Bruker IRscope II), which works in the far- (FIR) and 
mid-infrared (MIR) range. 



III. EXPERIMENTAL RESULTS AND 
DISCUSSION 
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A. Phonon excitations 

Figure^shows the temperature dependence of the FIR 
reflectivity R vs. wave number of pure FeCr2S4. In the 
upper panel R is plotted for 5 and 300 K. The four visi- 
ble phonon peaks are attributed to the four IR-active F\ u 
modes (symmetry group Fd3m, #227) m& To analyze the 
spectra, we used a 4-parameter fit assuming frequency- 
dependent damping constants to account for the asym- 
metry of the phonon peaks. This fitting procedure infers 
a splitting of the longitudinal and transverse eigenfre- 
quencies, u>l and lot, and the corresponding damping 
constants, Tl and Tt^ The resulting curves describe the 
measured reflectivity down to 100 cm -1 very well, with- 
out assuming an additional contribution of free charge 
carriers. A representative result of these fits is shown by 
the solid line in the upper panel of Fig. \T\for T = 5 K. 
The detailed temperature dependence of the reflectivity 
is visualized in the two-dimensional (2D) contour plot 
in the lower panel of Fig. ^ To enable a comparison 
of the phonon shift, the peak positions (maxima in R) 
for T — 5 K are indicated as vertical lines. Around 
Tc — 167 K a shift of the phonon frequencies can be 
observed, especially for the mode d close to 100 cm -1 . 
The intensity of this mode strongly depends on temper- 
ature, too (see upper frame of Fig.P). 

The resonance frequencies lot and lot (left frames) 
and the corresponding damping rates r& and Tt (right 
frames) are shown in Fig.|21as a function of temperature. 
Above the Curie temperature Tc — 167 K, the resonance 
frequencies lot and lot of a U modes reveal a similar quasi- 
linear increase with decreasing temperature, which can 
be fully ascribed to anharmonic contributions to the lat- 



FIG. 1: (Color online) Upper panel: Reflectivity R of FeCr2S4 
vs. wave number for T — 5 K and 300 K. A fit of the reflec- 
tivity for T = 5 K is indicated by the solid line. Lower panel: 
2D-contour plot of the reflectivity R vs. v and T generated by 
interpolation of 17 spectra. The vertical lines are highlighting 
the maxima of the IR-active-phonons in R at 5 K. 

tice potential. 31 In contrast to the rather usual behavior 
in the paramagnetic regime, modes a and b soften for 
temperatures below Tc, while ujl and lot increase to- 
wards lower temperatures in the case of modes c and 
d. These anomalous changes of the eigenfrequencies in 
the vicinity of Tc suggest a correlation with the onset 
of magnetic order. However, it has to be stated that 
the size of the effect is different for the observed modes: 
Auj = [uj(T = T c ) - lo{T = K)]/w(T = K) is of the 
order of +3 % for the internal mode d, < + 1 % for the 
bending mode b, approximately —1.5 % for the bending 
mode c, and —1 % for the stretching mode a. Longitudi- 
nal and transverse eigenfrequencies behave rather similar. 

The influence of magnetic order on phonons in 
magnetic semiconductors has been proposed by Bal- 
tensperger and Helmar. 32 and Baltensperger 33 more than 
30 years ago, and has recently been used by Sushkov et 
al. to describe the phonon spectra in ZnC^O,^- 3 - Based 
on a model calculation, where superexchange interac- 
tion between the magnetic ions infers a spin-phonon cou- 
pling, relative frequency shifts up to 10 -2 have been pre- 
dicted. The order of magnitude of this effect corresponds 
nicely to the experimentally observed values in FeCr2S4 
and, therefore, Wakamura™ considered this mechanism 
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FIG. 2: (Color online) Temperature dependence of the longi- 
tudinal (transverse) resonance frequencies lol {lot) and damp- 
ing constants Tl (Ft) obtained by a 4-parameter fit for the 
four IR-active phonons in FeCr2S4 as described in the text. 
All solid lines are drawn to guide the eye. 



to dominate the phonons' behavior for T < Tc- Sub- 
sequently, Wakamura and coworkers 3135 discussed the 
sign of the relative frequency shift in terms of nearest- 
neighbor FM exchange and next-nearest-neighbor AFM 
exchange for CdCr2S4, which exhibits phonon modes 
with a similar temperature dependence as FeCi'2S4. 
Moreover, they could show that these anomalous changes 
in the phonon frequencies are absent in non-magnetic 
CdIn2S4, further corroborating their approachj 3 . 5 Thus, 
the positive shift of modes a and b would indicate that 
FM exchange (Cr-S-Cr) dominates in accordance with a 
strong influence of the (Cr-S) force constants on these 
modes, and, correspondingly, the negative shift of modes 
c and d favors AFM exchange (Cr-S-Cd-S-Cr) with a 
strong influence of the (Cd-S) force constants. Note 
that a more rigorous theoretical treatment of anhar- 
monic spin-phonon and phonon-phonon interactions in 
cubic spinels by Wesselinova and ApostoloA*2& confirms 
the above interpretation. In FeCr2S4 the interpretation 
of the effect of magnetic ordering on the IR active phonon 
modes becomes even more complicated, because there 
exist, besides FM nearest-neighbor Cr-S-Cr bonds, addi- 
tional exchange paths via AFM Fe-S-Fe and Fe-S-Cr-S-Fe 
bonds. Nevertheless, the overall temperature behavior of 
the phonon frequencies in FeCr2S4 is similar to CdCr2S4 
and may be well interpreted, accordingly. Note, however, 
that a critical discussion of the above approach is given 
by Bruesch and d'Ambrogioi^ 7 . 

A straightforward interpretation of the temperature 
dependence of the damping constants (right panel of 
Fig. I2J) is not obvious at all. Again, considering only the 
anharmonicity of ionic non-magnetic crystals, the damp- 



ing is expected to show some residual low-temperature 
value and a quasi-linear increase in the high-temperature 
limit, just as observed for the longitudinal damping con- 
stants of modes a and b for T > Tc~ However, the 
temperature dependence of Tl and Tt in general devi- 
ates from such a behavior: In the case of mode d both 
damping constants show a broad maximum just above 
Tc and a steep decrease towards lower temperature for 
T < Tq- Mode c follows a similar temperature depen- 
dence for T < Tc, but the reduction of the damping 
constants is slightly smaller, and in the paramagnetic 
regime Tr, and Tt remain almost constant in contrast 
to the results of WakamuraiSS The behavior of modes a 
and b for T < Tc appears even more complex, but one 
can identify the onset of enhancement damping close to 
Tc = 170 K followed by broad cusp- like maxima close to 
100 K, except for lot of mode a that increases linearly 
with decreasing temperatures. 

Wakamura 29 argues that the maxima of mode d (and 
c) are due to spin fluctuations of the Fe spins, in agree- 
ment with the strong influence of the corresponding 
force constant on this mode according to Bruesch and 
d'Ambrogio. 37 Furthermore, long range spin order as- 
sumingly leads to the anomalous changes of the damping 
constants for all modes below Tc- In comparison to the 
temperature dependences of the damping constants in 
CdCr2S4, one finds that modes c and d behave similar to 
the case of FeCr 2 S4i2i On the other hand, modes a and b 
in FeCr2S4 clearly reveal a more complex behavior than 
in CdCr2S4, indicating a significant influence of the iron 
sublattice and the additional effective exchange coupling 
between Fe-Fe and Fe-Cr ions on these modes. 

Additionally, we want to mention the large increase in 
intensity (about 20 %) for mode d (close to 120 cm -1 ) 
when cooling from room temperature to 5 K (see Fig. 1). 
The intensity remains almost constant above 200 K, while 
a linear increase with decreasing temperature is observed 
below 200 K. At this temperature, maxima appear in the 
temperature dependence of the damping constants, sug- 
gesting a correlation of the two phenomena with regard 
to the spin-fluctuation scenario discussed above. 

When adopting the overall interpretation of the data in 
terms of spin-phonon coupling, one has to consider, how- 
ever, that e.g. the appearance of the cusps in the damp- 
ing constants may be connected to domain reorientation 
processes visible in the ac susceptibilitjs 2 * and anoma- 
lies detected by ultrasonic investigations. 25 Although the 
absence of significant changes of the phonon frequencies 
contradicts the scenario of a structural phase transition 
at 60 K driven by orbital ordering as suggested in Ref.l25l 
it becomes clear that the complex mechanisms dominat- 
ing the damping effects demand further theoretical stud- 
ies to single out the important contributions in detail. 

Having discussed the phonon properties of pure 
FeCr2S4 we now turn to the temperature dependence of 
the phonon modes for Fei-zCuzC^S,!. Figure |3| shows 
the FIR reflectivity for x = 0.2 (upper panel) and x = 0.5 
(lower panel) for temperatures 5 K and 300 K each. The 
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FIG. 3: (Color online) Reflectivity 7? vs. wave number for 
Fei-zCu : ECr2S4 with x — 0.2 (upper panel) and x — 0.5 
(lower panel) at T = 5 K (open circles) and T = 300 K 
(open triangles). The dashed lines represent results of fits as 
described in the text. 



results for x = 0.4 are very similar to those obtained 
for x = 0.5 and, hence, only the data for x = 0.5 is 
shown and discussed. The reflectivity of both samples, 
x = 0.2 and 0.5, shows a Drude-like contribution due 
to the presence of free charge carriers, while FeCr2S4 can 
be described as an insulator. The highest Drude-like con- 
ductivity is found for x = 0.2 and the phonon modes are 
on the verge of being fully screened. For both compounds 
the internal mode d at ~ 120 cm -1 (see Fig. ^ for the 
pure compound) can hardly be detected. Focusing on the 
group of external modes, a new mode e appears close to 
350 cm , while on increasing Cu concentration x mode 
a at 380 cm -1 becomes considerably reduced in intensity. 
Without an accompanying lattice dynamical calculation 
one cannot decide, if this new mode represents an im- 
purity mode due to the doping with Cu or a symmetry 
change. There are reports in literatureiS^ claiming the 
reduction of symmetry to FAZm because of the ordering 
of Fe and Cu ions on the A sublattice. In this case seven 
IR-active phonon modes are predicted. Assuming that 
the peak close to 275 cm^ 1 (mode c) is generated by two 
single phonon modes (see inset in Fig. 3), five modes are 
visible, only, while the internal mode d close to 120 cm -1 
remains screened. However, our results rather point to- 
ward a continuous evolution of the phonon modes on in- 
creasing x and favor a statistical ^4-site distribution of 
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FIG. 4: (Color online) Temperature dependence of the longi- 
tudinal eigenfrequencies ujl of the IR-active phonon modes in 
Fei_ a; Cu 2 ,Cr2S4 for x = (circles), 0.2 (squares) and 0.5 (tri- 
angles). The dashed (x = 0), dash-dotted (x — 0.2) and 
dotted lines (x = 0.5) indicate the magnetic transition tem- 
peratures. The solid lines are drawn to guide the eye. 



Cu and Fe ions throughout the lattice instead of a sym- 
metry reduction resulting from a superstructure due to 
an ordered A sublattice. 

We tried to fit the complete spectra taking into account 
the reflectivity up to 10000 cm -1 , using a 4-parameter 
fit for the phonon modes and a Lorentz oscillator for the 
mid-infrared excitation at about 2500 cm -1 (see next sec- 
tion). Representative results of these fits at low wave 
numbers are shown in Fig. [3] as dashed lines. The tem- 
perature dependences of the longitudinal modes wi as 
derived from these fits are shown in Fig. ^together with 
corresponding data for x = 0. The transverse eigenfre- 
quencies behave rather similar (not shown). Compared 
to the sample with x = 0, the temperature dependence of 
the damping constants in the doped compounds is weak 
and therefore not shown here either. Regarding the sam- 
ple with x = 0.2 similar anomalies as in pure FeCr2S4 
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can be seen in the vicinity of Tq for the observable modes 
a, b, and e. Obviously, the temperature dependence of all 
phonon frequencies for x = 0.5 is very weak and no clear 
anomalies around Tq are visible. Within the experimen- 
tal uncertainties one can detect a slight decrease of lul 
towards lower temperatures except for mode c, which be- 
haves similarly to the case of FeCr2S4 (compare Fig. 

Keeping in mind the influence of spin fluctuations 
and spin-phonon coupling on the phonon properties in 
FeCr 2 S4, Cu-doping seems to reduce these features sig- 
nificantly. This observation is in agreement with reduced 
spin-orbit coupling due to the substitution of Jahn- Teller 
active Fe 2+ by non Jahn- Teller active Fe 3+ . Therefore, 
for x — 0.5 only Fe 3+ with a half-filled d-shell is present 
in the systemiLiS and the system becomes almost mag- 
netically isotropic as it was confirmed by ferromagnetic 
resonance experiments. 23 



B. Dynamic conductivity and electronic excitations 

When the reflectivities of the doped compounds with 
Cu concentrations x = 0.2 and 0.5 (Fig. 0J) are com- 
pared with that of pure FeCr2S4 it becomes clear that 
contributions from free charge carriers have to be taken 
into consideration. The metallic-like behavior is most 
significant for x = 0.2, but it becomes reduced again on 
further doping. For a consistent description of the Drude- 
type behavior of the doped compounds, it is important 
to measure the reflectivity spectra to higher energies. 
The room-temperature reflectivities of Fei_zCu2,Cr2S4 
for x = 0.2 and 0.5 are plotted in the upper panel of Fig. 
up to 3xl0 4 cm -1 , corresponding to almost 4 eV, and 
are compared to the reflectivity of insulating FeCr2S4. 
For the Kramers-Kronig analysis of the smoothed reflec- 
tivity data we used a low-frequency Hagen-Rubens ex- 
trapolation and a high-frequency extrapolation with a 
jy-o.5 p 0wer \ aw U p t io 6 cm -1 and a subsequent v~ A 
high-frequency tail. The resulting dynamic conductiv- 
ities o(y) are shown in the lower panel of Fig. |SJ We 
carefully checked the high-frequency extrapolation, also 
trying smoother extrapolations, but found that the re- 
sults are not influenced in the relevant energy range be- 
low 20000 cm -1 . The use of a Hagen-Rubens extrapola- 
tion is justified by the fact that we have the complete in- 
formation on the absolute values of the dc conductivities 
and the corresponding temperature dependences for all 
compounds, although we are aware of the additional un- 
certainties originating from the Hagens-Rubens extrapo- 
lation, specifically for the sample with x = 0.5. However, 
the best fits of the reflectivity at room temperature, even 
in the limited spectral range, yielded dc conductivities of 
150 (ftcm)- 1 for x = 0.2 and 35 (ftcm)" 1 for x = 0.5, 
close to the dc values derived from the 4-probe measure- 
ments on single crystals by Fritsch et alm& 

For x = a weak but well defined electronic transi- 
tion is observed close to 2000 cm -1 and a further tran- 
sition appears close to 20000 cm -1 (w 2.5 eV). On sub- 
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FIG. 5: (Color online) Upper panel: Semi-logarithmic plot 
of the room-temperature reflectivity vs. wave number in 
Fei_ a; Cu 2 :Cr2S4 for Cu concentrations x — 0, 0.2 and 0.5. 
Lower panel: Double-logarithmic plot of the real part of the 
dynamic conductivity ai as derived from the reflectivity spec- 
tra. 



stituting iron by copper, metallic behavior shows up and 
for Feo.8Cuo.2Cr2S4 the dc conductivity is of the order 
150 (ficm) . The transition at 2000 cm -1 , becomes 
almost fully suppressed for x = 0.2. Obviously, the d- 
electrons become strongly delocalized. It is generally ac- 
cepted that in an ionic picture monovalent Cu is substi- 
tuted inducing trivalent Fe. Our results suggest that the 
system behaves as if holes are doped into an insulator 
driving the compound into a metallic regime. Unexpect- 
edly, a broad peak appears again close to 2500 cm -1 for 
i = 0.5. 

The observed doping dependence of the conduc- 
tivity spectra as documented in Fig. can be 
compared with band-structure calculations of these 
compounds^£*2L2£ Local spin-density approximation 
(LSDA) band-structure calculations predict a half- 
metallic ground state of FeCr2S4, with a partly filled e 
band at the Fermi level. Correlation effects via LSDA+ U 
yield a splitting of the Fe e band into a lower and up- 
per Hubbard band characterizing Fe&2S4 as a Mott- 
Hubbard insulator The splitting of the e band is of 
the order of about 0.5 eV, and, hence, the peak close to 
2000 cm -1 may be interpreted as a transition between 
the lower and upper Hubbard band. Accordingly, the 
high-energy excitation can be attributed to a Cr(3<i) to 
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Fe(3e?) transition. 

Using an ionic picture with localized Fe d states, alter- 
natively, the transition at 2000 cm -1 may correspond to 
a transition between the lower e doublet and the £2 triplet 
of the Fe <i-states split in a tetrahedral crystal-field. The 
expected crystal-field splitting for Fe 2+ located in the 
tetrahedral site of the spinel structure is rather weak 4 ^ 
and a splitting of the order 2000 — 3000 cm -1 seems rea- 
sonable. Further support for this interpretation comes 
from the observation of crystal-field transitions as mea- 
sured for diluted Fe 2+ in CdIn2S4. Here a crystal- field 
splitting of approximately 2500 cm" 1 has been reported 
by Wittekoek et a/Jl 

The appearance of the broad excitation for x — 0.5 
in the mid-infrared region at about 2500 cm -1 , how- 
ever, cannot be explained easily. In an ionic picture 
only trivalent iron and monovalent copper are expected 
for x = 0.5fi^*i& and recent x-ray photoelectron spec- 
troscopy^ strongly favors the existence of only mono- 
valent Cu for x = 0.5. Therefore, one can exclude the 
possibility that the broad excitation may be attributed 
to Fe 2+ similarly to the well-defined electronic excita- 
tion for x = 0. Nevertheless, it has been concluded 
from Mossbauer experiments in Fei-zCuzC^S-j, that an 
ionic picture is not applicable at all. 42 For x — 0.3 and 
T <Tc the complicated Mossbauer spectra indicate two 
different Fe sites corresponding to Fe 2+ and Fe 3+ , while 
for T > Tc a single line pointed towards a fast elec- 
tron exchange between these two sites. For x = 0.5 the 
line pattern for T > Tc evidenced the existence of Fe 3+ 
and a strong derealization of the Cu d-derived electrons. 
Hence, further studies beyond the scope of this paper are 
needed to clarify the nature of this mid-infrared excita- 
tion. 

In the following we will discuss the optical conduc- 
tivity results in the low frequency range in compari- 
son with the dc conductivity data reported in Ref. I23I 
The room-temperature spectra for the concentrations 
x = 0.2 and 0.5, shown in Fig. 5 have been used to 
estimate the Drude-like conductivity. For all tempera- 
tures, the spectra could satisfactorily be described us- 
ing a plasma frequency to p = 12000 cm -1 and a dielec- 
tric constant £00 = 10.6 for x = 0.2, which is close to 
the value = 11.5 for x = 0. For x — 0.5 we used 
u>p = 5000 cm" 1 and an enhanced dielectric constant 
f oe = 15.5. The enhanced eoo indicates strong changes in 
the electronic excitation spectrum at higher frequencies, 
but due to the complexity of the spectrum in this energy 
region there is also a larger uncertainty in £ m for x = 0.5. 
The decrease of the plasma frequency by a factor of 2.4 
can be explained by a decrease of the charge carrier den- 
sity, as Fei_ :c Cu :c Cr2S4 approaches a metal-to-insulator 
transition close to x = 0.5. With these values, the con- 
ductivity below 500 cm -1 could reasonably be fitted for 
all temperatures as indicated by the dashed lines in Fig. 3 
for the spectra at 5 K and 300 K. 

The resulting temperature dependences of the dc con- 
ductivity (upper panel) and relaxation rates 7 a r 1 
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FIG. 6: (Color online) Upper panel: Temperature dependence 
of the dc conductivity of Fei-2,Cua;Cr2S4 as determined from 
fits to the reflectivity (see text). The dc conductivities as 
observed from 4-probe measurements— are indicated by solid 
lines and were scaled to the room temperature optical values. 
Lower panel: Temperature dependence of the Drude-like re- 
laxation rates. Ferrimagnetic ordering temperatures are indi- 
cated by arrows. The dashed and dash-dotted lines are drawn 
to guide the eye. 



(lower panel) are shown in Fig. H3 The dc conductivities 
as derived from 4-probe measurements^ 3 , are indicated 
by solid lines. The dc conductivities were scaled at room 
temperature, utilizing a factor of 1.6 for x = 0.2 and a 
factor of 1.05 for x = 0.5. Above 100 K the 4-probe 
dc results and the dc values as derived from the optical 
measurements follow a similar temperature dependence. 
However, at low temperatures the dc measurements are 
dominated by localization effects, which appear much 
weaker in the high-frequency (> 100 cm" 1 ) derived op- 
tical data. That localization effects are most significant 
in the low- frequency (" dc" ) transport measurements be- 
comes clear from the fact that in doped semiconductors 
the conductivity below the FIR regime increases almost 
linearly with frequency^ 3 . In the sample with x = 0.5, 
which exhibits the lower conductivity, localization effects 
dominate already at higher temperatures. This may be 
attributed to a significant decrease of the charge-carrier 
density and concomitant increase of disorder due to the 
statistical distribution of the Cu ions in the lattice^ fur- 
ther discarding the possibility of A-site order of Fe and 
Cu for Fei_ x Cu x Cr2S4. 
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Finally, we want to draw attention to the tempera- 
ture dependence of the relaxation rate 7 (lower panel of 
Fig. 6). In the magnetically ordered state below Tc, the 
relaxation rates become significantly reduced, e.g. the re- 
duction amounts to almost 50% for x = 0.2. We recall 
that the plasma frequency has been kept constant for 
each compound as a function of temperature. This indi- 
cates that the increase of the conductivity just below the 
magnetic ordering temperature results from the freezing- 
out of disorder scattering and not from a change of the 
carrier density via band-structure changes at the onset 
of ferrimagnetic order. Taking into account the classifi- 
cation of chalcogenide spinels ^4Cr2S4 as systems where 
CMR originates from spin-disorder scattering^ the ob- 
served reduction of the relaxation rate below Tc has to 
be regarded as direct evidence of such a scenario: In 
external fields the onset of ferrimagnetic order shifts to 
higher temperatures. Concomitantly, a reduction of the 
scattering rate and the anomalous increase of the con- 
ductivity arise. As a consequence, maximal CMR effects 
will show up just below Tq as a function of an external 
magnetic field. A similar scenario has been reported for 
Gdl2, where the magnetic and magneto-transport prop- 
erties have been described successfully in terms of spin- 
fluctuations and their suppression by external magnetic 
fields in the vicinity of Tc^^ We would like to point 
out, that at low temperatures the relaxation rates for 
x = 0.2 and x — 0.5 are of the same order of magnitude 
~ 10 cm -1 , indicating a similar level of disorder for the 
Cu doped compounds. 



netic state, which can be explained by spin-phonon cou- 
pling. Concerning the complex behavior of the damping 
constants, spin fluctuations in the vicinity of Tc may de- 
scribe many of the anomalous changes, but further the- 
oretical studies are necessary to corroborate this inter- 
pretation. The influence of magnetic order on the eigen- 
modes is reduced with increasing x, and the appearance 
of a new phonon mode close to 350 cm -1 is attributed to 
an impurity mode rather than to a symmetry reduction 
due to A-site order. 

Morover, the charge dynamics of Fei_ a; Cu 2 ;Cr2S4 were 
investigated. FeCr2S4 is an insulator, but becomes metal- 
lic when slightly doped with Cu. The conductivity of the 
free charge carriers can be described by a normal Drudc- 
type behavior. The dc conductivity for x = 0.2 is en- 
hanced by a factor of four in comparison to x = 0.5. The 
temperature dependence of the optically derived dc con- 
ductivity for both doped compounds is is in good agree- 
ment with resistivity measurements, but localization ef- 
fects at lowest temperatures appear weaker in the op- 
tical measurements. The corresponding behavior of the 
scattering rate, which shows a strong decrease below the 
ferrimagnetic phase transition, evidences the freezing-out 
of disorder scattering below Tc . In accordance with the 
proposed classification of the ternary chalcogenide spinels 
as spin-disorder magnetoresistive materials, the reduc- 
tion of the relaxation rate corroborates such a scenario 
and makes clear that spin-disorder has to be considered 
a necessary ingredient towards a theoretical description 
of this fascinating class of materials. 



IV. SUMMARY 

In summary, we investigated the optical properties 
of Fei_ a; Ca r Cr2S4 single crystals for Cu concentrations 
x = 0, 0.2, 0.4 and 0.5. Phonon excitations and dynamic 
conductivity for x = 0.4 are very similar to the results 
for Feo.5Cuo.5Cr 2 S4 and were not discussed separately. 
The phonon excitations were measured as a function of 
temperature between 5 K and room temperature. Pure 
FeCr2S4 shows clear anomalies in the eigenfrequencies at 
the transition from the paramagnetic to the ferromag- 
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